We provide a theoretical justification for the existence of fourth family fermions of the Standard Model by showing that in a novel form of spontaneous CP breaking, fourth family is inevitable. This requires that fermions of third and fourth families must be mirror matter conjectured long back by Lee and Yang.
where ψ ′ L,R are new fields after CP transformation. Our main idea is to assume that fermionic families of the SM behave non-trivially under the tranformation defined in Eq. In this work, we shall assume the first possibility which also explains, as we will discuss later, mass hierarchy among fermionic families.
With this assumption, we reach to an interesting conclusion that requirement of this novel spontaneous CP violation ensures that there must exist a fourth family which should be the CP mirror-counter-part of the second family, i.e. we must have
where ψ 4 L,R denotes the fourth family fermions. Thus, it is remarkable to note at this point that in this novel form of spontaneous CP violation, fourth family of fermions should exist and must be mirror matter. Moreover, third family of fermions are already discovered mirror fermions among them τ lepton was discovered in 1975, b quark in 1977 and t in 1995. It is also concluded that if there exist more than four families of fermions in nature, every new family must accompany by its mirror counter-part. This means number of families must be an even number in this new type of spontaneous CP violation.
For elaboration of spontaneous CP breaking in details, from here, we will assume the following trivial CP transformation:
where W µ is the gauge field corresponding to the gauge group SU (2) L , B µ denotes the gauge field for symmetry U (1) Y , and G µ represents the gluon field. Besides this, since it is confirmed now that neutrinos are massive particles, we extend the SM with three right-handed singlet neutrinos corresponding to four families. Now we first delve into fermion masses and mass hierarchy among fermionic families. Once we assume CP transformations in Eq.(1), the Yukawa operator cannot generate physical masses of fermions. This is because that requirement of Eq.(1) forces the Yukawa couplings of first and third family to be identical. Hence, we assume that masses of fermions originate from dimension-5 operators. For this purpose, we add two complex singlet scalar fields, к 1 and к 2 , to the SM which transform under the SM symmetry
The CP transformation of doublet and singlets are given as, Moreover, the SM symmetry is further extended by imposing discrete symmetries Z 2 and Z ′ 2 on the right handed fermions of each family and scalar fields к 1 , and к 2 as shown in Table I . Use of these discrete symmetries was first discussed in Refs. [6] [7] [8] .
The Yukawa Lagrangian is completely forbidden by discrete symmetries Z 2 and Z ′ 2 now. It is observed now that masses of fermions of four families are given by dimension-5 operators through the following equation:
where superscripts shows the family number and l L denotes leptonic doublet of the SM. We note that mass hierarchy of fermionic families is an outcome of the model discussed in this work. For this purpose, we need to assume that vacuum expectation values (VEVs) of the complex singlet scalar fields are such that к 2 >> к 1 , and couplings are such that Γ 3,4 > Γ 1,2 . This choice explains why second family fermions are heavier than those of the first family and, similarly the reason that third family fermions are heavier than those of the second family. This also establishes that fourth family must be heavier than the third family. Masses of neutrinos are derived from the Weinberg operator.
For achieving an ultraviolet completion of this models given in table I, we introduce atleast one vector-like isosinglet up quark, one vector-like isosinglet down type quark, one isosinglet vector-like charged lepton, and one isosinglet vector-like neutrino. Their transformation under
The mass Lagrangian for vector-like fermions is given by,
The interactions of vector-like fermions with the SM fermions, for instance for quarks, are given by,
where q L is a quark doublet of the SM.
The new physics which is entering in Eqs. (6) and (8) are vector-like fermions in our model. These fermions are searched by the LHC, and the most recent searche excludes them approximately below 1 TeV [55] .
The most general CP invariant scalar potential of the model takes the following form:
where we have introduced mass terms µ 1 and µ 2 which breaks symmetries Z 2 and Z ′ 2 softly. The vacuum expectation values(VEVs) after the spontaneous symmetry breaking(SSB) can be written as,
For simplicity, we assume that parameters µ 3 , λ 3 , λ 4 , and λ 5 are real. Furthermore, to show that spontaneous CP breaking is possible even when one of the VEVs of the singlet scalar fields is real, we assume that cos α 2 = 1.
The scalar potential is minimized by solving Eqs.
where cos α 2 = 1, the minimum provides
The above equation in general breaks the CP symmetry spontaneously. Now we discuss the diagonalization fermionic mass matrices. We can write the mass matrix for down type quarks approximately,
The mass matrix given in Eq. (13) can be written into the following form:
where the 3 × 3 block m d represents the SM fermionic block and M D is 2 × 2 block. The diagonalization of the mass matrix M D is done through the bi-unitary transformation,
The following relations are obtained using Eqs. (15) and (16):
In the limitM 2 >>m 2 , we obtain from Eq.(17c):
Similarly we can obtain matrices T and R. We obtains from Eq.(17a) [56] ,
where the squared matrix H ef f is a Hermitian and given by,
Thus, using above matrix, we can derive matrix K d .
Vector-like quarks with charge assignments Q = 2 3 or Q = − 1 3 have been extensively studied in literature [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] .
The Little Higgs models contain Q = 2 3 isosinglet charge assignment [76, 77] . The isosinglet charge assignment Q = − 1 3
appears in E 6 GUTs [78, 79] . However both charge assignments as well as vector-like leptons appear in the model discussed in this paper as well as in Refs. [6] [7] [8] . Hence, a rich and novel phenomenology emerges out of these models. Phenomenological data will place bounds on the model discussed in this work. For instance the oblique parameters S, T and U may put stringent constraints [80] [81] [82] [83] . The S, T and U parameters for an arbitrary number of families plus vector-like quarks can be found in Ref. [59] . For the model discussed in this paper, there will be additional CKM, FCNC couplings appearing in the expressions of the S, T and U parameters which will make them relaxed with respect to electrweak precision data. However, flavour physics data will provide more stringent constraints on this model. For instance, FCNC coupling involving s and d quarks can be bounded by the process K + → π + νν. It will be interesting to comment briefly on the so-called "flavour anomalies" in quark-level b → sll transitions [84, 85] . In Ref. [86] , it is observed that extending the SM by vector-like quarks and a heavy neutrino can provide an explanation for these anomalies. Similar conclusion may also be obatained in the model discussed in this work.
In conclusion, we have proposed a novel form of spontaneous CP breaking which predicts the existence of the fourth family of the SM fermions. Hence, this work presented in this paper, for the first time, provide a theoretical argument in the support of the existence of the fourth family of fermions of the SM. For achieving this new form of the spontaneous CP breaking, we have extended the SM by discrete symmetries Z 2 and Z ′ 2 . Furthermore, in doing so, the masses of the SM fermions originate from dimension-5 operators which are UV completed by vector-like fermions. A detailed investigation of this model is a future goal.
